Bacillus thuringiensis var. kurstaki serotype 3A3B (HD-1) is commercially produced by deep-tank fermentation and is marketed worldwide as a microbial insecticide for use against the larvae of more than 100 species of lepidopteran pests. B. thuringiensis is marketed as a mixture of the bacterial spores and bipyramidal parasporal protein crystals which are formed adjacent to the spores after exponential growth during spore formation (2) . This parasporal inclusion is a glycoprotein that represents 20 to 30% of the cell dry weight and is comprised of a single repeating subunit of about 1.3 x 105 daltons (4, 15) . After larval ingestion of spores and crystals, the crystals dissolve in the highly alkaline midgut region, releasing a protoxin that is converted to one or more toxic components which disrupt the gut epithelium. Larval death ensues in 12 to 24 h due to septicemia (5) .
Measurement of the crystal protein concentration allows manipulation of the fermentation process, resulting in optimum toxin production. Bioassays are routinely used to detect the potency of commercial and experimental B. thuringiensis preparations. Bioassays are performed by adding dilutions of the material in question to an artificial diet and allowing the susceptible larvae to feed (6) . Potency is expressed as the mean lethal concentration for a target organism such as either neonate or fourth instar Trichoplusia ni (Hubner) . Although the bioassay gives a reproducible evaluation of lepidopteran susceptibility to B. thuringiensis, it also has deficiencies. The 4 to 7 days required to conduct the neonate or the fourth instar assay is not timely for a 2-3-day fermentation. The use of antibiotics to prevent contamination by other bacteria skew the mean lethal concentration values from 2 to 67 times when fourth instar larvae are used (3) . Finally, the bioassay is labor and space intensive for colony maintenance, rearing, and testing.
An immunoelectrophoretic assay (18) reduces assay time to 48 h, but this technique is subject to accuracy of peak height measurements by the investigator. Once again, by the time results are available, the fermentation has been completed and the opportunity to alter the process outcome has been lost. Andrews et al. (1) modified the assay to require only 4 h, but the value obtained was qualitative.
The requirement still exists for a rapid, quantitative assay which will allow fine tuning of the B. thuringiensis fermentation process.
During recent years, the radioimmunoassay has become popular because it is rapid and quantitative and allows for the testing of a large number of samples at one time. The enzymelinked immunosorbent assay (ELISA) shares the advantages of the radioimmunoassay but eliminates exposure to radioactive isotopes, uses more stable reagents, and requires less expensive equipment. The utility of an ELISA for quantitative detection of parasporal crystal protein of B. thuringiensis var. kurstaki and israelensis was recently shown by Wie et al. (17) . In their assay design, solubilized crystal proteins were tested for their ability to competitively inhibit the binding of specific antibody to crystal proteins adsorbed to cuvettes. This paper describes a noncompetitive or sandwich ELISA which allows the direct measurement of B. thuringiensis crystal protein concentration in fermentation products. (12) or density gradient separation (10, 14) methods because of its efficiency in yielding quantities of purified crystals that would be adequate both for raising antibodies and subsequent assay development from a common batch.
Centrifuged cell paste was suspended in 1 M NaCl-0.01% Triton X-100 (Rohm and Haas, Spring House, Penn.) and then centrifuged at 10,000 rpm for 10 min. The pellet was resuspended in 1 M NaCl-0.01% Triton X-100. A 10-ml amount of this suspension was mixed with 500 ml of the phase separation solutions. Protein content of the resulting purified crystals was 4.8 mg/ml as determined by 280-nm absorbance readings of a 30-min 0.1 N NaOH solubilization using extinction coefficient E19m of 11.0 (16) . The reference standard against which all samples were measured was 16,000 IU/mg as measured against an 18,000 IU/mg international standard HD-1-S-1971 B. thuringiensis wettable powder.
Polyacylamide gel electrophoresis. Purified crystals were solubilized in 0.01 M sodium phosphate (pH 7.2) containing 1% (wt/vol) sodium dodecyl sulfate (SDS), 2% (vol/vol) P-mercaptoethanol, and 6 M urea for 1 h at 28°C as described by Tyrell et al. (16) . The solubilized crystals were then electrophoresed on SDS (1%)-polyacrylamide (7.5% acrylamide) slab gels by the method of Laemmli (9) .
Rabbits. New Zealand white male rabbits weighing 2.5 to 3.0 kg were obtained from a local dealer.
Antisera. A suspension of purified crystals was centrifuged at 17,000 x g for 30 min at 5°C. The pelleted crystals were suspended in saline to a concentration equivalent to 2.0 mg of alkali-solubilized crystal protein per ml. The crystal suspension was emulsified in an equal volume of Freund complete adjuvant (Difco). Each rabbit was injected with 1.25 ml (1.25 mg of protein) of the emulsified crystals by the multiple route/multiple site procedure (8) . The animals received booster injections in the same manner 5 weeks later, except that the intravenous injection was omitted. Animals were bled at 8 weeks, and the pooled sera were tested for antibody activity by Ouchterlony analysis.
Ouchterlony assay. Ouchterlony slides were prepared by pipetting 3.0 ml of molten (55°C) 50 ,ug of thimerosal (ethylmercurithiosalicylate; Sigma) per ml as a preservative. The assay tubes were then incubated in a 37°C water bath for 1.0 h. After incubation, the assay mixture was aspirated off, and the polystyrene balls were washed three times by the addition of 3 ml of distilled water with a Cornwall pipetter followed by aspiration. After washing, 300 RI of the HRP-IgG (anticrystal protein) conjugates was added to each polystyrene ball in the tubes. The tubes were again incubated in a 37°C water bath for 1.0 h, and the polystyrene balls were washed as before. Finally, 300 RI of chromogen solution containing 0.4 mg of o-phenylenediamine per ml and 0.01% H202 in 0.1 M citrate phosphate buffer (pH 5.0) were added to the tubes. After 15 to 20 min of incubation at room temperature, the enzymatic reaction was stopped by the addition of 1.0 ml of 1 N HCl to each tube. The tubes were blended in a Vortex mixer, and the colored product was measured spectrophotometrically at 490 nm against a control tube containing all reactants except alkalisoluble protein.
RESULTS AND DISCUSSION
Since the purpose of this ELISA system is to monitor the presence of the toxic crystal moiety produced in deep-tank fermentation of B. thuringiensis, purified, intact crystals were used for immunization, rather than an alkali-solubilized crystal preparation. The purity of the crystal preparation was judged by SDS-polyacrylamide electrophoresis. An electrophoretogram (not shown) of the purified crystals solubilized in 6 M urea-1% SDS-2% ,-mercaptoethanol-0.01 M NaH2PO4-0.01 M Na2HPO4 (pH 7.2) revealed two major protein bands with apparent molecular weights of 1.35 x 105 and 6.5 x 104. These observations are in close agreement with those of Tyrell et al. (16) , who showed under similar conditions that the larger-molecular-weight protoxin subunit is converted to a smaller toxic molecule. Previous work (13) has shown that immunization with intact crystals elicits the formation in quantity of antibody which gives predominantly a single precipitin line in gel diffusions with alkali-solubilized crystal preparations. Figure 1 shows the results of Ouchterlony analysis. Antiserum produced to purified, intact crystals showed a line of identity with alkalisolubilized preparations of both the purified crystals and reference standard, which contained crystals, spores, and carrier materials. No observable precipitin line formed when alkali-solubilized purified crystals of B. thuringiensis var. israelensis were used, suggesting that the antiserum is specific for crystal protein having toxicity for the lepidopteran insects.
Initial studies aimed at measuring the intact crystal directly by ELISA presented problems of reproducibility. It was reasoned that, because of the particulate nature of the crystals, they were physically dissociated from the solid-phase antibody during the washing step. Alkali solubilization of the crystals or assay sample provided the required conditions for quantitation and reproducibility of the assay.
Routine was 7.6% and ranged from 3.8 to 10.2% relative standard deviation ( Table 2) .
Comparison of ELISA to an insect bioassay and to a currently available rocket immunoelectrophoresis assay for B. thuringiensis crystal protein (18) showed that the ELISA and the insect assay closely agree (Table 3 ). The rapid, reproducible, quantitative value obtained with the ELISA technique for detecting crystal protein makes it an important analytical method to monitor the progress and quality of the B. thuringiensis fermentation.
Although designed primarily for detecting crystal potency of fermentation beers, this noncompetitive ELISA also yields reproducible results for powder samples consisting of mixtures of crystals, spores, and carrier materials (Tables  1 and 2 and Fig. 2 ). This is in contrast to the competitive inhibition ELISA method of Wie et al. (17) , for which the authors only presented their experience in quantitating solubilized purified crystal proteins.
It is suggested that this noncompetitive ELISA technique could largely replace laborintensive and costly bioassays to supply product acceptability data for those interested in producing B. thuringiensis commercially. Such use of 
